Bend loss effects can be a significant concern in the design and performance of diffused, buried waveguide devices. Since diffused, buried waveguides typically do not have analytical mode solutions, the bend mode must be expressed as an expansion of straight waveguide modes. For the case of buried ion-exchanged waveguides, the bend loss is affected by bend radius, the duration of the ion exchange and burial processes, as well as the size of the mask opening used to create the waveguides and applied field during burial. The bend loss effects for each of these variables are explored under typical fabrication conditions.
Introduction
A major concern in the design of integrated optic devices is the amount of loss that will be introduced due to curvature of the waveguides. Several different theoretical analyses have been presented for bent waveguides in integrated optic devices. Gu et al. 1 used the method of lines to analyze curved rib waveguides, but this approach was limited to waveguides with analytical solutions. Yamamoto and Koshiba 2 and Kim and Gopinath 3 used the finiteelement method to simulate bent waveguides with an arbitrary cross section. Wang et al. 4 employed the mode-matching method to more accurately characterize the effect of bending-induced propagation constant change for various applications. Sewell and Benson 5 employed a semianalytical approach to model curved, buried waveguides known as the freespace radiation mode method. Assuming that the change in refractive index in the waveguide is less than 10%, the advantage of the free-space radiation mode method over the finite-element method is its relatively fast execution time while maintaining good accuracy. Song et al. 6 made advances in applying the beam propagation method to bent waveguides by collapsing the two-dimensional refractive-index profile into a one-dimensional structure using the effective index method. Finally, Dai and He 7 used the finitedifference method (FDM) to optimize the design of an arrayed waveguide grating demultiplexer.
Each of these methods is either limited to waveguides with analytical solutions or are so computationally intensive that only the simplest of cases can be examined. The simplest and most generic method used to analyze bend mode structures was presented by Melloni et al. 8 and later applied to the design of curved waveguides with the matched bend. 9 Melloni et al.'s method is based on the expansion of the bend mode in terms of modes for the straight waveguide, including modes below the cutoff. Any waveguide index profile can be modeled with this method provided that the modes of the straight waveguide have been solved. Once the modes in the straight waveguide are determined, the mode shape distortion and propagation constant perturbation of the bend mode can be quickly and easily computed as a weighted sum of the straight waveguide modes. This method is valid for any type of dielectric waveguide whether it is single or multimode.
Since diffused, buried waveguides do not have simple analytical solutions, Melloni et al.'s method is the most useful modeling tool for these waveguide devices. A brief synopsis of Melloni et al.'s theoretical treatment of the bend mode is presented in Section 2. It is then used to model typical cases of diffused, buried waveguides fabricated with a Ag ϩ ᎑Na ϩ ion exchange process. The effects of ion exchange and burial time, waveguide mask opening width, bend radius, applied field during burial, burial depth, and thermal annealing on the bend loss for an ionexchanged ring waveguide structure are explored and discussed. To our knowledge, this discussion represents the most comprehensive analysis of bend loss in diffused waveguides reported to date.
Theoretical Model of the Bend Mode
A bend of radius R is defined to be in the xϪz plane such that there is an increment dz along z due to an incremental bend angle d:
The electric field of a generic bend mode E B ͑x, y͒ can be described in terms of the straight waveguide modes by
where a n are the real weighting modal coefficients of the straight waveguides and ⌿ n ͑x, y͒ are the mode field amplitude. After a propagation of dz, the mode field in the bend becomes
where ␥ n ϭ ␣ n ϩ j␤ n is the propagation constant of the nth straight mode. Neglecting material absorption, the attenuation coefficient ␣ n is nonzero only for modes under the cutoff. To compute the a n coefficients, the mode field is assumed to remain unchanged after traveling the angular distance d except for a multiplicative exponential term:
where is the propagation constant of the bend mode. Expanding the exponential term in Eq. (3) to first order, the bend mode can be expressed as
Defining r͑x͒ ϭ R ϩ x, Eq. (5) reduces to
Since the straight waveguide modes are orthogonal, and assuming they have been normalized, one can multiply Eq. (6) by ⌿ m * and integrate over the mode cross section to obtain
where c mn are the coupling coefficients between straight modes due to the bending and are given by c mn ϭ ͵͵x⌿n⌿m*dxdy.
Expressing Eq. (7) in matrix form, the result is a matrix eigenvalue equation:
where I is the identity matrix, G is a diagonal matrix whose coefficients are the propagation constants ␥ n , C is a square matrix with coefficients c mn , and a is the vector of weighting coefficients. Letting M ϭ ͑RI ϩ C͒G, the propagation constants of the bend modes are simply the eigenvalues () of the matrix M. The refractive indices of the bend modes are then
Since all modes below the cutoff will radiate energy, one can simply compute the coupling coefficient c mn due to bending between each propagating mode of the straight waveguide (m) and the lowest-order leaky modes of the straight waveguide (n). In practice, only leaky modes with an attenuation constant ␣ n much smaller than the propagation constant ␤ n play an important role. All light coupled into these leaky modes is assumed to radiate, producing bend loss in the waveguide. This assumption is valid provided the bend radius is sufficiently small such that bend loss has a significant effect over the bend angle of interest. The bend loss can then be calculated by integrating the coupling coefficient over a total propagation angle of :
In summary, the method used to determine the bend loss of a curved waveguide is to first calculate the mode profiles and effective indices of the straight waveguides for all propagating modes and the first leaky modes below the cutoff. The coupling coefficient between each pair of modes is calculated by Eq. (8) . The G and C matrices are then formed by use of these propagation constants and coupling coefficients. Finally Eq. (9) is solved for the eigenvalues of matrix M and the eigenvector of weighting coefficients a. The effective indices of the bend modes are determined from Eq. (10) and the bend loss is calculated with Eq. (11) .
To ensure that this method is accurate, the results were compared with commercially available FDM software having the ability to calculate bend modes for simple structures. A 4 m by 4 m square stepindex buried waveguide with a core index of 1.517 and a cladding index of 1.507 was modeled by both methods for a bend radius of 10 mm. The effective index for the bend mode with the FDM software was calculated to be 1.509921 and the effective index by use of Melloni et al.'s method was calculated to be 1.509909. The difference of 1.2 ϫ 10 Ϫ5 between the two results is well within the precision of both methods.
Ion Exchange and Burial Theory
Ion-exchanged waveguides can be formed with a variety of diffused, buried waveguide profiles with small refractive-index differences between the core and the surrounding regions. Therefore ion-exchanged waveguides are appropriate to model with Melloni et al.'s method. The theory of the ion exchange and burial process has been examined in depth by several different authors. 10 -19 To simplify the theoretical diffusion model, only two ion systems such as Ag ϩ ᎑Na ϩ ion exchange are considered here. This assumption is accurate for many silicate-type glasses.
In a channel waveguide ion exchange process, indiffusing ions (A) diffuse into the glass through a mask opening, where they exchange with outdiffusing ions (B). Two types of force act on the ions: The concentration gradient of the ions results in ionic diffusion whereas electric fields within the glass can cause ionic drift effects. The electric field is comprised of an external applied electric field ͑E ext ͒ and an internal field formed by local charge imbalances resulting from the differences in the ionic mobility of the exchanging ions. The two-dimensional change in the concentration distribution of A ions as a function of time can be expressed by 13 
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Here C A ϭ c A ͞c 0 is the normalized concentration of A ions, c A is the ionic concentration of A ions, and c 0 is the total ionic concentration. D A and D B are the self-diffusion coefficients of the two ions, and ␣ ϭ 1 Ϫ D A ͞D B is their interdiffusion coefficient. T, k B , and e are the absolute temperature, Boltzmann constant, and the electron charge, respectively. The first term in Eq. (12) is the ionic diffusion term, the second term is due to the internal electric field, and the third term is due to the external applied electric field. Madasamy et al. 19 developed theoretical modeling software to calculate the time-dependent concentration distribution given by Eq. (12) using the PeacemanRachford alternating direction implicit method. 17 Simulations of the ion exchange and burial process used to fabricate waveguide devices were performed with this software.
Bend Loss Modeling Results
The bend loss analysis method described in Section 2 was used to evaluate buried ion-exchanged waveguides described in Section 1. Buried ionexchanged waveguides are formed by first conducting an ion exchange through an opening in a mask layer at the surface of the glass, followed by a field-assisted burial of the surface waveguide into the glass substrate. As the waveguide is buried, it diffuses becoming larger and more symmetric. We simulated ion exchanges using typical glass parameters of D Ag ϭ 5.1 ϫ 10 Ϫ6 and ␣ ϭ 0.87 at T ϭ 584 K with a glass thickness of 2.5 mm. The maximum index change induced by this ion exchange is ⌬n max ϭ 0.004855 with a substrate index of 1.507 at a wavelength of 1550 nm. Burials were simulated at a lower temperature of T ϭ 543 K with corresponding glass parameters D Ag ϭ 7.6 ϫ 10 Ϫ6 and ␣ ϭ 0.87. Figure 1 shows contour plots of the index profile for a waveguide produced with a 20-min ion exchange before and after a 240-min burial at 600 V. The contours of Fig. 1(a) correspond to an index change from 1.51 to 1.55 in increments of 0.01, whereas the contours of Fig. 1(b) correspond to an index change from 1.5085 to 1.519 in increments of 0.0015.
A 1᎑m layer of air was placed above the surface to simulate interaction with the surface for shallowly buried waveguides. We then solved the propagating and leaky modes using a standard FDM mode-solving algorithm. Figure 2 shows contour plots of the TE fundamental modes for the waveguides in Fig. 1 . In both mode profiles, the contours represent a 15% increase in the mode field irradiance. The resultant effective indices of the straight waveguide modes were then used to construct the bend mode and cor- Contour plots of the TE fundamental modes for the straight waveguides in Fig. 1 . Contours represent a 15% increase in mode field irradiance for both plots.
responding bend-induced loss. Figure 3 shows the bend loss results calculated with Eq. (11) for waveguides formed with a 3.0᎑m mask opening and ion exchange times ranging from 10 to 25 min, followed by burial times of up to 240 min at 600 V. The bend radius used for this case was 1.4 cm. Note that in general, the longer the waveguides are buried, the greater the bend loss since the waveguides diffuse and the modes become less confined, creating greater overlap with the leaky modes. Similarly, as the ion exchange time is increased, the bend loss decreases due to the increased mode field confinement resulting from the addition of more Ag ϩ ions to the waveguide. The initial bump that can be seen for short burial times in the 10-min ion exchange curve is an effect of the air-glass interface flattening the fundamental mode and increasing the overlap between the fundamental and the first leaky modes.
An important design concern is the effect of the mask opening width used to form the waveguide on the bend loss. Figure 4 shows the effect of this varying waveguide width on the bend loss. Once again, the modeled waveguides were fabricated with a 20-min ion exchange and a 600᎑V burial with a 1.4᎑cm bend radius. As the waveguide mask opening width is increased from 2.0 to 3.5 m, there is a decrease in bend loss for the waveguide at each point. The cause of this effect is an increase in the Ag ϩ ion concentration due to the larger waveguide opening inducing a larger effective index and better mode field confinement.
As the radius of the bend is changed, the amount of coupling between the propagating modes and the leaky modes can be drastically affected. The effect of bend radius on the bend loss can therefore be quite significant. Figure 5 shows a semilog plot of the bend loss as a function of bend radius for the case of a 20-min ion exchange, followed by a 240-min burial at 600 V. As the radius increases, the bend mode approaches that of the straight waveguide with the bend loss decreasing to zero. For very small bend radii, the mode field confinement is insufficient to maintain propagation around the bend and all the light is radiated.
It is also important to understand what effect the magnitude of the applied field has during burial on the bend loss. To observe this effect, a 20-min ion exchange time with a 3.0᎑m waveguide opening was simulated for burials of 0 -240 min with a 600Ϫ1000᎑V burial voltage. The results of these simulations are shown in Fig. 6 . As the burial voltage is increased, there is a slight increase in the overall bend loss at each point. The increased bend loss effect for short burial times is also magnified with increased burial voltage since ionic diffusion is reduced in the direction of the applied field. As a result of the reduced diffusion, the waveguide mode stays asymmetric longer, thus increasing the overlap with the first leaky mode.
As indicated in Fig. 6 , the bend loss increases with an increasing applied field with a fixed burial time. However, under these conditions, the burial depth of Fig. 3 . Effect of ion exchange time on bend loss. Waveguides are created by a 10 -25-min ion exchange with a 3.0᎑m waveguide opening, followed by a 600᎑V burial. A 1.4᎑cm bend radius is used in each case. the waveguides also increases. If instead we consider the case of a fixed burial depth, then we adjust the burial time for each voltage to achieve the same depth; a more direct evaluation of the bend loss as a function of burial voltage can be obtained. Figure 7 shows this comparison for a 20-min ion exchange with a 3.0᎑m waveguide mask opening and a 1.4᎑cm bend radius as the applied field is varied from 600 to 1000 V with a final burial depth of approximately 8 m. The total burial time required to achieve an approximate depth of 8.0 m is 240, 210, 180, 150, and 135 min, respectively, for 600-, 700-, 800-, 900-, and 1000᎑V burials. The higher voltages require shorter burial times to achieve the same burial depth, giving the waveguides less time to diffuse. The reduced diffusion increases the mode field confinement, with a corresponding reduction in the bend loss.
For a final comparison of the effects of an increased applied field, the applied field is removed from the waveguides of Fig. 7 after reaching the desired burial depth, but the waveguides are kept at the burial temperature until a total time including burial of 240 min has passed. This permits direct comparison of bend loss effects for varying voltages as a function of burial time. Figure 8 shows the corresponding bend loss as a function of time for these conditions. Compared with Fig. 6 , we can see that, once the applied field is turned off upon reaching the required burial depth, the slope of the bend loss as a function of time is reduced to the value corresponding to diffusion in the absence of any applied field. After a total diffusion time of 240 min corresponding to the required burial time at 600 V to achieve a depth of 8.0 m, each of the waveguides have approximately the same bend loss. There is still some residual asymmetry in the index profiles corresponding to the elevated voltage curves that causes a slight increase in the bend loss. With further annealing in the absence of any applied field, each of these waveguides would continue to symmetrize and eventually have the same bend loss characteristics.
Summary
We examined the bend loss characteristics of diffused, buried waveguides under various conditions using ion-exchanged waveguides as a model. Bend loss in single-mode waveguides decreases with increasing ion exchange time due to an increase in mode field confinement. Similarly, increasing the waveguide opening used in the initial ion exchange also increases the mode field confinement, thus decreasing the bend loss. Reducing the bend radius increases the coupling from propagating to leaky modes for an increase in bend loss. Increasing the applied field used to bury the ion-exchanged waveguides below the glass surface causes an increase in asymmetry of the waveguide profile that correspondingly increases the bend loss as a function of burial time. If, however, the waveguides are buried to the same depth, the increased applied field permits shorter burial times required to achieve the same depth and Fig. 6 . Effect of applied field on bend loss for waveguides created by a 20-min ion exchange with a 3.0᎑m waveguide opening and a 1.4᎑cm bend radius. results in a net reduction of the bend loss. Finally, by continuing to anneal the waveguides at a fixed depth without an applied field, the asymmetry caused by the increased field is reduced by thermal diffusion resulting in approximately the same bend loss for all burial voltages.
